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CoelomocyteThe subdivision of mesodermal cells into muscle and non-muscle cells is crucial to animal development. In
the C. elegans postembryonic mesoderm, this subdivision is a result of an asymmetric cell division that leads
to the formation of striated body wall muscles and non-muscle coelomocytes. Here we report that the Six
homeodomain protein CEH-34 and its cofactor Eyes Absent, EYA-1, function synergistically to promote the
non-muscle fate in cells also competent to form muscles. We further show that the asymmetric expression of
ceh-34 and eya-1 is regulated by a combination of 1) mesodermal intrinsic factors MAB-5, HLH-1 and FOZI-1,
2) differential POP-1 (TCF/LEF) transcriptional activity along the anterior–posterior axis, and 3) coelomocyte
competence factor(s). These factors are conserved in both vertebrates and invertebrates, suggesting a
conserved paradigm for mesoderm development in metazoans.IntroductionHow distinct cell fates are acquired from multipotent progenitor
cells is a fundamental question in developmental biology. We are
interested in the mechanisms involved in distinguishing myogenic
and non-myogenic fates in the mesoderm. The Six family of
homeodomain proteins has been found to regulate cell fate
speciﬁcation in multiple tissue types, including in the mesoderm
(for review, see Kawakami et al., 2000). The founding member of the
Six family is the Drosophila sine oculis (so) gene (Cheyette et al.,
1994; Serikaku and O'Tousa, 1994). The role of so is best characterized
in the Drosophila eye, where it functions downstream of the Pax6
gene eyeless (ey) for proper eye development (Halder et al., 1998). so
and its cofactor eyes absent (eya) function upstream of the
transcription factor dachshund (dac) to regulate the expression of
eye speciﬁcation genes (Chen et al., 1997; Pignoni et al., 1997; Shen
and Mardon, 1997; Halder et al., 1998). This Pax–Six–Eya–Dac
network of regulation is also required for proper eye development
in vertebrates (Hanson, 2001). Members of this network also
function in other metazoan developmental processes such as meso-l rights reserved.dermal and sensory organ development (Heanue et al., 1999; Xu
et al., 1999; Hanson, 2001; Clark et al., 2006).
C. elegans has four homologs of the Six family (CEH-32, CEH-33,
CEH-34 and CEH-35/UNC-39) (Dozier et al., 2001). We have observed
that knockdown of ceh-34 during postembryonic development results
speciﬁcally in the loss of non-muscle cell types in the mesoderm. In
this study we investigate how ceh-34 functions in the postembryo-
nically-derived non-gonadal mesoderm, the M lineage (Sulston and
Horvitz, 1977). During hermaphrodite larval development the
pluripotent M mesoblast reproducibly produces three distinct cell
types: 14 striated bodywall muscles (BWMs), 2 sex myoblasts (SMs)
that subsequently give rise to the non-striated egg-laying muscles,
and 2 non-muscle coelomocytes (CCs), which together with four other
CCs generated during embryogenesis, act as macrophage-like cells
(Sulston and Horvitz, 1977, Sulston et al., 1983). M lineage cell fate
speciﬁcation occurs in an asymmetricmanner, as CCs are born dorsally
and SMs ventrally (Fig. 1A). The LIN-12/Notch and TGFβ signaling
pathways regulate proper asymmetry along the dorsal–ventral axis
within theM lineage: the LIN-12/Notch pathway promotes ventral SM
fates, while the C. elegans Schnurri homolog SMA-9 antagonizes the
Sma/Mab TGFβ pathway to promote dorsal CC fates (Greenwald et al.,
1983; Foehr et al., 2006; Foehr and Liu, 2008). Asymmetries also exist
along the anterior–posterior axis in the M lineage, in which cell fate
Fig. 1. ceh-34 is required for CC fates. All images in Figs. 1–4 are ventral/lateral views with anterior to the left, unless otherwise noted. (A, B) Early M lineage in wild-type (A) and
ceh-34(RNAi-P) (B) animals. Stages of M lineage (1-M to 18-M) are indicated. (C, D) L4440 RNAi treated control (C) and ceh-34(RNAi-P) (D) adults. CCs are visualized using intrinsic
CC::gfp, with embryonic CCs labeled with arrowheads and M-derived CCs with arrows. Type I vulval muscles are visualized using egl-15::gfp, denoted by asterisks. M-derived CCs are
missing in ceh-34(RNAi) animals (D). (E, F) L1 larva of water-injected (E) or ceh-34 dsRNA (F) injected animals. The M mesoblast is indicated by expression of hlh-8∷gfp (open
arrow). (G) ceh-34(RNAi-E) adult with only one pair of embryonic CCs (arrowhead). M, M mesoblast; d, dorsal; v, ventral; l, left; r, right; a, anterior; p, posterior; CC, coelomocyte;
BWM, body wall muscle; SM, sex myoblast.
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at the 16- and 18-M stages (Fig. 1A).
The Wnt/β-catenin asymmetry pathway plays a conserved role in
multiple asymmetric fate speciﬁcation events in C. elegans along the
anterior–posterior or proximal–distal axes (for review, see Mizumoto
and Sawa, 2007). Speciﬁcally, the β-catenin homolog SYS-1 and the
TCF/LEF transcription factor POP-1 show reciprocal asymmetric
nuclear distribution in multiple cell divisions, with SYS-1 being
enriched in the posterior or distal nuclei and POP-1 enriched in the
anterior or proximal nuclei (Lin et al., 1995, 1998; Herman, 2001;
Siegfried and Kimble, 2002; Kidd et al., 2005; Huang et al., 2007;
Phillips et al., 2007). POP-1 nuclear localization is further regulated by
the LIT-1 kinase and another β-catenin WRM-1, which facilitate the
nuclear export of POP-1 in an asymmetric manner (Lo et al., 2004;
Takeshita and Sawa, 2005). Recently it has been shown that in the M
lineage, WRM-1 localizes to the anterior cortex during anterior–
posterior cell divisions but to the nuclei of posterior daughters
afterwards (Takeshita and Sawa, 2005). However, a role of theWnt/β-
catenin asymmetry pathway in the M lineage has yet to be described.
A number of mesoderm-intrinsic transcription factors are required
for speciﬁcation of both muscle (BWM) and non-muscle (CC) fates
derived from the M mesoblast. The single C. elegans MyoD family
member HLH-1 functions redundantly with the Hox protein MAB-5
and another transcription factor, FOZI-1, to specify M-derived BWMs
(Harfe et al., 1998a; Liu and Fire, 2000; Amin et al., 2007). Curiously,
all of these factors are also expressed in and required for the
speciﬁcation of the M-derived non-muscle CCs (Harfe et al., 1998a;
Liu and Fire, 2000; Amin et al., 2007). These observations suggest that
other factor(s) must be required to differentiate between M-derived
muscle and non-muscle fates.
Here, we describe the role of the Six2 family protein CEH-34 and its
cofactor EYA-1 in proper speciﬁcation of non-muscle CC fates. We
propose a model in which ceh-34 and eya-1 expression and the
subsequent speciﬁcation of non-muscle cell fates from myogenicprecursor cells are regulated in a combinatorial manner by the
mesoderm-intrinsic factors HLH-1, FOZI-1 and MAB-5, by SMA-9 and
LIN-12 along the dorsal–ventral axis, and by SYS-1 and POP-1 along
the anterior–posterior axis.
Materials and methods
C. elegans strains
Strains were maintained and manipulated using standard condi-
tions (Brenner, 1974). Analyses were performed at 20 °C, unless
otherwise noted.
The strains LW0683 [rrf-3(pk1426) II; ccIs4438 (intrinsic CC::gfp) III;
ayIs2(egl-15::gfp) IV; ayIs6(hlh-8::gfp) X] and LW1734 [jjIs1475(myo-
3::rfp) I; rrf-3(pk1426) II; ccIs4438(intrinsic CC::gfp) III; ayIs2(egl-15::gfp)
IV; ayIs6(hlh-8::gfp) X] were used to visualize M lineage cells in RNAi
experiments. Intrinsic CC::gfp is a twist-derived coelomocyte marker
(Harfe et al., 1998b). Secreted CC::gfp is another coelomocyte marker
using a myo-3::secreted GFP that is secreted from the body wall
muscles and taken up by differentiated CCs (Harfe et al., 1998a).
AdditionalM lineage speciﬁc reporterswere as described in Kostas and
Fire (2002). The M lineage was followed in live animals under a
ﬂuorescence stereomicroscope and a compound microscope. Other
strains used in this work are:
LG I: eya-1(ok654) (Furuya et al., 2005), sys-1(q544) (Miskowski
et al., 2001), pop-1(q645), pop-1(q624) (Siegfried and Kimble, 2002)
LG II: hlh-1(cc561ts) (Harfe et al., 1998a); rrf-3(pk1426) (Sijen
et al., 2001)
LG III: dac-1(gk213), dac-1(gk211) (Colosimo et al., 2004);
LG V: ceh-34(tm3330) and ceh-34(tm3733) (gifts from Shohei
Mitani, Tokyo Women's Medical College, Tokyo, Japan), him-5
(e1467) (Hodgkin et al., 1979)
Table 1
M lineage phenotypes of C. elegans Pax–Six–Eya–Dac mutants.
Gene family Genotype Number of embryonic CCs Number of
M-derived CCs
Wild-type 4 (nN200) 2 (nN200)
Six1/2 ceh-34(RNAi-P) 4 (nN200) 0 (98.3%); 2 (1.7%)
(n=362)
ceh-34(RNAi-E) 11.3% with 1st pair
missing; 16.7% with
2nd pair missing; 14.1%
with both pairs missing
(n=538)
0 (98.6%); 1–2 (1.4%)
(n=425)
ceh-33(RNAi-P) 4 (nN200) 2 (nN200)
Six3/6 ceh-32(RNAi-P) 4 (nN200) 2 (nN200)
Six4/5 ceh-35/unc-39
(RNAi-P)
4 (nN200) 2 (nN200)
Eyes absent eya-1(ok654) 9.5% with 1st or 2nd
pair missing; 87.7%
with both pairs
missing (n=203)
0 (84.7%); 1 (1.0%);
2 (14.3%) (n=203)
Pax1/9 pax-1(RNAi-P) 4 (nN200) 2 (nN200)
Pax2/5/8 pax-2(RNAi-P) 4 (nN200) 2 (nN200)
egl-38(RNAi-P) 4 (nN200) 2 (nN200)
egl-38(n578) 4 (nN200) 2 (nN200)
Pax3 pax-3(RNAi-P) 4 (nN200) 2 (nN200)
Pax6 vab-3(RNAi-P) 4 (nN200) 2 (nN200)
Dachshund dac-1(gk211) 4 (nN200) 2 (nN200)
dac-1(gk213) 4 (nN200) 2 (nN200)
RNAi-P: RNAi was administered to synchronized L1 larvae via feeding throughout
postembryonic development.
RNAi-E: RNAi via injection into the gonads of gravid adults whose progeny were scored
for phenotypes.
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JK3930: sys-1p::venus::sys-1 (Phillips et al., 2007)
LW0755: hlh-8p::pop-1::gfp (this work)
JK3437: pop-1p::pop-1::gfp (Siegfried et al., 2004)
LW1066: hlh-8p::mRFP (Jiang et al., 2008)
LW1475: myo-3::nls::rfp::lacZ (this work)
PS5332: mCherryPOPTOP (Green et al., 2008)
Plasmid constructs and transgenic lines
Fragments spanning 3.9 kb of the ceh-34 promoter and the entire
coding region or the promoter alone were PCR ampliﬁed from N2
genomic DNA using iProof™ High-Fidelity DNA Polymerase (Bio-Rad).
We obtained a cDNA clone, yk209b2, which spans the entire ORF and
the 3′UTR of ceh-34 (a gift from Yuji Kohara, National Institute of
Genetics, Japan). These PCR fragments and cDNAwere used to generate
the following ceh-34 reporter constructs: pNMA90: ceh-34p::ceh-34
genomic ORF::gfp::unc-54 3′UTR; pNMA94: ceh-34p::gfp::ceh-34
cDNA::ceh-34 3′UTR. Forced expression constructs: pNMA107: hlh-
8p::gfp::ceh-34 cDNA::ceh-34 3′ UTR; pNMA109: hlh-8p::eya-1 genomic
ORF::unc-54 3′ UTR; pNMA88: hsp-16p::ceh-34 cDNA::ceh-34 3′UTR;
pNMA110: hsp-16p::eya-1 cDNA::unc-54 3′UTR; other reporter con-
structs: pJKL758: myo-3p::NLS::mRFP::lacZ::unc-54 3′UTR; pJKL601:
hlh-8p::pop-1::gfp::unc-54 3′ UTR. Plasmids for RNAi of ceh-34
(11068D5), eya-1(11020D3), dac-1(11007F3), ceh-35(11062A7), pax-3
(11038B3), ceh-33(11058H10) and egl-38(10018H7) were retrieved
from the ORFeome-RNAi v1.1 library (Rual et al., 2004). sys-1
(T23D8.9) and ceh-32(W05E10.3) RNAi plasmids were obtained
from the RNAi library generated by Dr. Julie Ahringer and provided
by Geneservice Ltd. The identities of all these RNAi clones were
conﬁrmed by sequencing. The eya-1 RNAi clone was subsequently
used for additional cloning. pNMA49 (fozi-1 RNAi) and pNMA50 (mab-
5 RNAi) were made by subcloning into L4440 (Timmons and Fire,
1998) full-length cDNAs for each gene from the plasmids pNMA24
(Amin et al., 2007) and p198 (Liu and Fire, 2000) respectively.
pJKL833 (vab-3 RNAi), pJKL834 (pax-3 RNAi) and pJKL835 (pax-2
RNAi) were generated by subcloning into L4440 a PCR fragment
corresponding to a genomic region for each gene. RNAi construct
pSP28 (pop-1 RNAi) was a gift from David Eisenmann. (University of
Maryland, Baltimore County).
Transgenic lines were generated using the plasmids pRF4 (Mello
et al., 1991) or LiuFD61 (mec-7p::mRFP, a gift from Sylvia Lee, Cornell
University) as markers.
Heat-shock experiments
Transgenic animals harboring pNMA88 (hsp-16p::ceh-34) and/or
pNMA110 (hsp-16p::eya-1) were subjected to periodic heat-shock at
37 °C for 30min followed by recovery for 3–4 h at 20 °C beginning at the
1-M stage until after M-derived CCs were visible using intrinsic CC::gfp.
Alternatively, animals were continuously heat-shocked at 30 °C from
embryogenesis until the 16-Mstage. Both periodic and continuousheat-
shock conditions yielded the sameresults. Non-transgenic heat-shocked
animals were used as controls for heat-shock conditions.
RNAi
RNAi by injection (RNAi-E)
ceh-34 dsRNA was synthesized with the T7 RiboMax RNA
Production System (Promega) using the ceh-34 RNAi plasmid as a
template. To observe the effects of RNAi during embryonic develop-
ment, dsRNA was further puriﬁed and injected into wild-type
hermaphrodites of the reference strain LW0683, with water as an
injection control. The progeny of injected animals were scored for
phenotypes.RNAi by ingestion (RNAi-P)
To observe the effects of RNAi during postembryonic development,
we performed RNAi by ingestion with a synchronous population of L1
larvae. L1 animals synchronized by standard methods (Kamath and
Ahringer, 2003) were plated in triplicate on HT115(DE3) bacteria
expressing dsRNA for genes of interest. Bacteria for ingestion were
prepared as described by Kamath and Ahringer (2003), using 4 mM
IPTG to induce dsRNA production. RNAi-P was performed at 25 °C and
animals were scored for M lineage phenotypes or used for immunos-
taining 24–48 h after plating.
Yeast two-hybrid assays
Two-hybrid analysis was performed using the protocol described
by James et al. (1996). Full length or portions of ceh-34 and eya-1
cDNAs were fused in framewith the GAL4 binding domain (pGBD-C1)
and the GAL4 activation domain (pGAD-C1), respectively. Details of
the plasmids are available upon request.
Immunoﬂuorescence staining
Animal ﬁxation, immunostaining, microscopy and image analysis
were performed as described previously (Amin et al., 2007). Guinea
pig anti-FOZI-1 (Amin et al., 2007; 1:200) and goat anti-GFP
(Rockland Immunochemicals; 1:5000) antibodies were used. All
secondary antibodies were from Jackson ImmunoResearch Labora-
tories and used in a dilution of 1:50 to 1:200.
Results
ceh-34 is required for specifying the non-muscle CC fates in the
M lineage
In an RNAi screen to identify transcription factors important for M
lineage development (N.M.A., Z. Via and J.L., unpublished data), we
found that RNAi knockdown of ceh-34 during postembryonic
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resulted in a loss of M-derived CCs (Table 1, Figs. 1B, D). We followed
the M lineage in these animals using the hlh-8∷gfp reporter and
αFOZI-1 immunostaining (Harfe et al., 1998b; Amin et al., 2007), and
observed normal cleavage orientations and proliferation in the M
lineage (Figs. 1A, B). However, at the 18-M stage, both M.drpa and M.
dlpa were transformed from CCs to BWMs (as observed using myo-
3∷rfp; Figs. 1A, B) in 10 of 11 animals examined, while the remaining
animal had only one CC transformed to a BWM (data not shown). Fate
speciﬁcation of SMs (visualized using hlh-8∷gfp) and their derivatives
(visualized using egl-15∷gfp; Figs. 1B, D) was unaffected in ceh-34
(RNAi-P) animals. While the lack of defect in the SM lineage could be
due to incomplete knockdown of ceh-34 via RNAi-P, the CC to BWM
fate transformation caused by ceh-34(RNAi-P) suggests that ceh-34 is
required for specifying M-derived CC fates.
There are three other Six family members in C. elegans, ceh-32,
ceh-33 and unc-39/ceh-35. ceh-32 is required for head morphogenesis
and ceh-32(RNAi-E) leads to embryonic and larval lethality (Dozier et
al., 2001). We found that ceh-32(RNAi-P) had no effect on the M
lineage (Table 1). unc-39 has been reported to be required for the
proper speciﬁcation and migration of M, and subsequently, the proper
development of the M lineage (Yanowitz et al., 2004). We found that
unc-39(RNAi-P) gave no M lineage defects (Table 1), suggesting that
the M lineage phenotypes observed in unc-39mutants may reﬂect an
earlier role of unc-39 in M cell speciﬁcation. Neither ceh-33(RNAi-P)
nor ceh-33(RNAi-E) gave any M lineage phenotypes (Table 1 and dataFig. 2. ceh-34 is expressed in the M-derived CC precursors. (A) Representations of the ceh-34
3′UTR] and pNMA94 [ceh-34p::gfp::ceh-34 cDNA::ceh-34 3′UTR]. The regions deleted in tm
ceh-34::gfp (pNMA90) at different developmental stages. Two focal planes of a bean stag
(F) A L1 larva and (G) an adult. Arrows in G denote BWMs. (H–O) The left side of a wild-typ
anti-FOZI-1 antibody (I, M) at the 16-M stage. (J, N) Merged images of panels H and I, and
shown), both M-derived CC precursors. (K, O) Summary of ceh-34::gfp expression in the M linot shown). Thus ceh-34 is the only Six family gene required for the
speciﬁcation of M-derived CC fate.
ceh-34 is essential for embryonic CC fates and larval viability
To further assess the role of ceh-34 during embryonic develop-
ment, we examined two ceh-34 deletion mutants, tm3330 and
tm3733 (Fig. 2A), and knocked down ceh-34 during embryogenesis
by injecting ceh-34 dsRNA into wild-type animals (referred to as
RNAi-E). tm3330 animals carry a 235 bp deletion in the second intron
and showed no M lineage defects (Table 1), suggesting this deletion
does not compromise the function of ceh-34. In contrast, tm3733,
which is predicted to truncate CEH-34 after amino acid 40, and ceh-34
(RNAi-E), resulted in 100% (nN100) and 99% (n=2210) lethality,
respectively. These animals arrest as three-fold embryos or L1 larvae
with abnormal anterior morphology, but do specify the M mesoblast
(Fig. 1F). These results suggest that ceh-34 is an essential gene
required for embryonic and early larval development.
In the above RNAi-E experiments, eight animals escaped the
embryonic/L1 arrest, but lacked some or all of the 4 embryonically-
derived CCs (Fig. 1G). We repeated the ceh-34(RNAi-E) experiment
and scored a larger number of animals that escaped the embryonic/L1
arrest using two independent reporters of the CC fate (see Materials
and methods). 42% (n=538) of these animals had a reduced number
of embryonically-derived CCs (Table 1). These animals lacked a pair of
CCs located in the head (the 1st pair), near the vulva (the 2nd pair) ortranslational reporter constructs: pNMA90 [ceh-34p::ceh-34 genomic ORF::gfp::unc-54
3330 and tm3733 are shown. (B–G) Representative images of live animals expressing
e embryo (B, C, anterior to the left and dorsal up) and a 3-fold stage embryo (D, E).
e (H–K) or mab-5(RNAi-P) (L–O) L1 larva double labeled with CEH-34::GFP (H, L) and
panels L and M, respectively. CEH-34∷GFP was detected in M.dlpa (I) and M.drpa (not
neage, with ceh-34::gfp-positive cells in green circles. All images are anterior to the left.
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the four embryonically-derived CCs.
ceh-34 is expressed in the CC precursor cells in the M lineage
To understand how ceh-34 functions during development, we
generated two sets of transgenic lines with each of two translational
ceh-34∷gfp fusion constructs, pNMA90 and pNMA94 (Fig. 2A). Both
showed identical patterns of GFP expression and nuclear localization
(Fig. 2). ceh-34∷gfp expression begins late during embryogenesis and
persists in a few anterior BWM cells and other unidentiﬁed cells in the
head throughout postembryonic development (Figs. 2B–G). A similar
ceh-34 expression pattern has been independently observed by T.
Hirose and H. R. Horvitz (personal communication).
To determine the expression pattern of ceh-34 in the M lineage, we
performed double-labeling experiments using the ceh-34∷gfp fusions
and hlh-8p∷rfp or αFOZI-1 staining to label M lineage cells (Harfe et
al., 1998b; Amin et al., 2007). ceh-34∷gfp is transiently expressed in
the M lineage, speciﬁcally in M.dlpa and M.drpa, before they
terminally differentiate into CCs (Figs. 2H–K). ceh-34∷gfp expression
is no longer detectable in these two cells after they differentiate into
CCs. For simplicity, we will henceforth refer to the undifferentiated M.
dlpa and M.drpa cells as M-derived CC precursor cells.
ceh-34 alone is not sufﬁcient to specify CC fates
Because ceh-34 is expressed in the M-derived CC precursors and
is required for specifying the M-derived CCs, we asked whetherFig. 3. EYA-1 acts as a cofactor for CEH-34 in CC fate speciﬁcation. (A) An eya-1(ok654) L4 la
anterior pair of embryonically-derived CCs. GFP positive cells near the asterisk are SM desce
detected in the four embryonically-derived CCs (arrowheads). (C) Magniﬁed DIC view of th
with EYA-1∷GFP (D), anti-FOZI-1 antibody (E) at the 16-M stage. (F) A merged image of
Summary of eya-1∷gfp expression in the M lineage, with eya-1::gfp-positive cells in green cir
hybrid assay. Respective amino acid residues are labeled next to schematics of each protein. ⁎A
which auto-activates reporter expression. Western blot analysis was performed to ensure pro
leads to ectopic CC fates. Panel I shows an example of such a worm. Arrowheads point to eceh-34 is sufﬁcient to specify the CC fate. We forced ceh-34
expression in mixed-staged animals via a heat-shock inducible
promoter (see Materials and methods) and observed no effect on
the number of cells expressing the intrinsic CC∷gfp marker. To
more directly test whether ceh-34 is sufﬁcient to specify the CC
fate, we forced ceh-34 expression in all undifferentiated cells of the
M lineage using the hlh-8 promoter (pNMA107), but did not detect
any extra M-derived CCs (Fig. 3J). Thus, although ceh-34 is required
for specifying the CC fate, it alone is not sufﬁcient to induce other
cells to adopt CC fates.
EYA-1 is required for CC fate speciﬁcation
In both Drosophila and vertebrates, Six homeodomain proteins
have been shown to function together with other proteins, including
Pax, Eya and Dac (Kawakami et al., 2000). C. elegans contains ﬁve
Pax homologs, pax-1, pax-2, egl-38, pax-3, and vab-3/pax-6, and one
homolog each for Eya and Dac, eya-1 and dac-1 (Hobert and Ruvkun,
1999; Dozier et al., 2001; Colosimo et al., 2004; Furuya et al., 2005).
Mutants or RNAi-P against the Pax and Dac homologs do not cause
any M lineage defects (Table 1), suggesting that none of the Pax
genes on their own, nor the single Dachshund homolog, are essen-
tial in the postembryonic M lineage. However, the strong loss-
of-function allele of eya-1, ok654 (Furuya et al., 2005), displayed M
lineage phenotypes similar to ceh-34(RNAi-P): loss of M-derived
CCs and variable loss of embryonic CCs (Table 1, Fig. 3A). Thus, both
ceh-34 and eya-1 are required for specifying the embryonic and
M-derived CCs.rva missing one pair of embryonic CCs and both M-derived CCs. Arrowhead denotes the
ndants labeled by hlh-8::gfp. (B, C) A wild-type adult expressing eya-1::gfp (B). GFP was
e anterior pair of CCs in the box in (B). (D–F) The left side of an L1 larva double labeled
panels D and E. EYA-1::GFP was detected in M.dlpa (F) and M.drpa (not shown). (G)
cles. (H) The Six domain of CEH-34 binds to the Eya domain of EYA-1 via the yeast two-
ll interactions were tested in both directions, with the exception of GBD-EYA-1(1–503),
per protein expression. (I, J) Forced expression of both ceh-34 and eya-1 in theM lineage
mbryonically-derived CCs while arrows point to M-derived CCs.
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Six family proteins have been shown in the fruit ﬂy and themouse to
use Eya as a cofactor to regulate gene expression (Pignoni et al., 1997;
Ohto et al., 1999; Li et al., 2003). We tested whether EYA-1 can act as a
cofactor for CEH-34 in the C. elegansM lineage.We found that eya-1::gfp
(Furuya et al., 2005) is expressed in a similar pattern to ceh-34::gfp, but
differs slightly from ceh-34::gfp, which is transiently expressed in M-
derived CC precursors; in contrast, eya-1::gfp expression is detected in
all six differentiated CCs throughout development (Figs. 3B–G).We also
found that the physical interaction betweenSix and Eyaproteins is likelyFig. 4. CEH-34 acts downstreamof SYS-1 and POP-1 in theM lineage to specify CC fates. (A–H)
(B, F) M lineage cells marked by anti-FOZI-1 staining; (C, G) the correspondingmerged image
in the nuclei of posterior cells (E). (D, H) Summary of assymmetric localization patterns of PO
localization; grey circles represent lower GFP levels. (I) A sys-1 (q544) L4 larvawith extraM-d
derived CCs. (K–R) Two sys-1(RNAi-P) larvae with ectopic ceh-34∷gfp expression. Panels K–M
P) anti-FOZI-1 staining (with dorsal M lineage cells labeled); (M, Q) corresponding merged i
representing ceh-34::gfp. (S–Z) POPTOP∷mCherry reporter expression in the M lineage of wil
cells (hlh-8::gfp); (U, Y) corresponding merged images; (V, Z) summary of mCherry (red c
mCherry signal in M.vlpa and M.vlpp (U) in the wild-type animal, and the absence of mCheconserved, as the Six domain of CEH-34 and the Eya domain of EYA-1
interact in yeast two-hybrid assays (Fig. 3H). Thus EYA-1may serve as a
cofactor for CEH-34 in CC fate speciﬁcation.
To test whether CEH-34 and EYA-1 together can promote the CC
fate, we forced the expression of each gene or both genes together
using the hlh-8 promoter (Harfe et al., 1998b). Forced expression of
either ceh-34 or eya-1 alone did not result in any ectopic CCs in the M
lineage (Fig. 3J). However, when both genes were simultaneously
expressed in the M lineage, we observed an increase in the number of
M-derived CCs (Figs. 3I, J). Thus CEH-34 and EYA-1 can act together to
specify ectopic CC fates. Taken together, our data are consistent withLocalization of POP-1∷GFP (A) and SYS-1∷GFP (E) in theM lineage ofwild-type animals.
s. POP-1∷GFP is enriched in the nuclei of anterior cells (A), while SYS-1∷GFP is enriched
P-1∷GFP and SYS-1∷GFP, respectively, in theM lineage. Black circles represent enriched
erived CCs (arrow) and its corresponding lineage (J). Arrowheads denote embryonically-
are lateral views while panels O–Q are dorsal images. (K, O) ceh-34::gfp expression; (L,
mages; (N, R) corresponding lineages for K–M and O–Q, respectively, with green circles
d-type (S–V) and sys-1 (RNAi-P) (W–Z) animals. (S,W)mCherry signal; (T, X) M lineage
ircles) expression in the M lineage. Note the faint mCherry signal in M.dlp and strong
rry signal in the M lineage of the sys-1(RNAi-P) animal (Y).
Table 2
ceh-34 functions downstream of POP-1 and SYS-1 to specify CC fates.
Genotype Number of M-derived CCs (intrinsic CC:gfp)
n 0–1 2 3–4 5–7
Wild-type N200 0% 100% 0% 0%
L4440 RNAi 201 2.5% 97.5% 0% 0%
sys-1(q544) 112 0% 10.7% 58.9% 30.4%
sys-1(RNAi-P) 86 6.9% 41.9% 38.4% 12.8%
sys-1(q544); ceh-34(RNAi-P) 22 100% 0% 0% 0%
pop-1(RNAi-P) 67 65.7% 20.9% 13.4% 0%
pop-1(q624) 68 20.6% 79.4% 0% 0%
pop-1(q645) 49 2.0% 8.2% 59.2% 30.6%
pop-1(q645); ceh-34(RNAi-P) 53 100% 0% 0% 0%
wrm-1(RNAi-P) 96 13.5% 51.0% 33.4% 2.1%
lit-1(RNAi-P) 71 14.1% 45.1% 32.3% 8.5%
Genotype Number of M-derived SMs (hlh-8∷gfp)
n 0–1 2 3–4
Wild-type N200 0% 100% 0%
L4440 RNAi N200 0% 100% 0%
sys-1(q544) 37 0% 32.4% 67.6%
sys-1(RNAi-P) 59 0% 54.2% 45.8%
pop-1(RNAi-P) 99 41.4% 49.5% 9.1%
pop-1(q645) 22 0% 0% 100%
wrm-1(RNAi-P) 45 0% 22.2% 77.8%
lit-1(RNAi-P) 47 8.5% 46.8% 44.7%
356 N.M. Amin et al. / Developmental Biology 331 (2009) 350–360the role of EYA-1 as a cofactor for CEH-34 in non-muscle CC-speciﬁc
transcription.
CEH-34 and EYA-1 act downstream of mesoderm-intrinsic transcription
factors necessary for muscle and non-muscle fates
The expression of CEH-34 and EYA-1 in the M lineage is preceded
by the expression of a number of transcription factors that are
required for both BWM and CC fates. MAB-5, HLH-1 and FOZI-1 are
expressed in and required for the CC and BWMprecursor cells of theM
lineage (Harfe et al., 1998a; Liu and Fire, 2000; Amin et al., 2007). We
tested if these factors are required for the expression of both ceh-34
and eya-1. We found that mab-5(RNAi) and fozi-1(RNAi) animals lost
expression of ceh-34::gfp and eya-1::gfp in the presumptive CCs (Figs.
2L–O; data not shown). Similarly, ceh-34::gfp and eya-1::gfp were not
detected in the M lineage of the temperature sensitive hlh-1(cc561ts)
mutants at the restrictive temperature (data not shown). Thusmab-5,
hlh-1 and fozi-1 are required for the expression of ceh-34 and eya-1.
CEH-34 and EYA-1 act downstream of POP-1 and SYS-1, components
of the Wnt/β-catenin asymmetry pathway
SYS-1 and POP-1 are asymmetrically distributed along the
anterior–posterior axis in the M lineage
Since CEH-34 expression is limited to the anterior daughters of M.
dlp and M.drp, we wanted to identify factors regulating this anterior
expression. The Wnt/β-catenin asymmetry pathway is involved in
multiple anterior–posterior fate decisions in C. elegans (Mizumoto
and Sawa, 2007). In particular, the TCF/LEF homolog POP-1 is enriched
in the anterior daughter, while the β-catenin homolog SYS-1 is
enriched in the posterior daughter of an A–P cell division (Lin et al.,
1995, 1998; Huang et al., 2007; Phillips et al., 2007). Could pop-1 and
sys-1 play similar roles in A–P divisions in the M lineage?
We ﬁrst examined the expression patterns of functional sys-1::gfp
and pop-1::gfp reporters (Materials and methods) within the early M
lineage. Both sys-1∷gfp and pop-1∷gfp are present in the early M
lineage at the 1-M stage and evenly distributed through the 4-M stage
(Figs. 4A–D). As in other C. elegans lineages, SYS-1::GFP is enriched
in the posterior nucleus, while POP-1::GFP is enriched in the ante-
rior nucleus, after each subsequent cell division resulting in 8-,16- and
18-M lineage descendants (Figs. 4A–H).
Reduction of SYS-1 levels results in the presence of extra M-derived
CCs and SMs
To test whether the asymmetric distribution of SYS-1 reﬂected a
role for sys-1 in M lineage development, we examined M lineage
development in strong loss-of-function mutant sys-1(q544) animals
and sys-1(RNAi-P) animals. Both had an increase in the number of
dorsal CCs and ventral SMs derived from the M lineage (Figs. 4I, J,
Table 2). We used hlh-8∷gfp and αFOZI-1 staining to follow the M
lineage and determine the cause of these phenotypes.
On the ventral side of sys-1(q544) animals, M.vlpp and/or M.vrpp
underwent an extra division along the anterior–posterior axis, most
often producing an SM and a BWM, much like their anterior sister
cells, M.vlpa and M.vrpa (67.6%, n=37; Fig. 4J, Supplemental Fig. S1).
We observed this behavior in 11 of 12 animals, with some variation in
which cells generated the extra SMs (Supplemental Fig. S1). This
variation may be due to residual SYS-1 in sys-1(q544) animals.
Similar posterior-to-anterior fate transformations occurred in the
ventral M lineage of sys-1(RNAi-P) animals (45.8%, n=59). These
fate transformations at the 16-M stage are the cause for the extra SMs
observed.
Unlike the ventral side, the extra CCs observed in sys-1(q544 or
RNAi-P) animals on the dorsal side of the M lineage were not simply
due to a posterior-to-anterior fate transformation. All 10 sys-1(q544)
animals and 19 of 24 sys-1(RNAi-P) animals had 9–12 cells on thedorsal side of the M lineage (rather than the usual 8) due to an extra
round of cell division by M.d(l/r)pp or M.d(l/r)pa or both (Supple-
mental Figs. S2 and S3). Thus sys-1 is required to suppress further
proliferation of the daughters of M.d(l/r)p.
Increased cell proliferation alone does not account for all the extra
CCs observed in sys-1(q544) and sys-1(RNAi-P) animals. In instances
where M.d(l/r)pa and M.d(l/r)pp did not undergo an extra division,
the BWM fate of M.d(l/r)pp was transformed to the CC fate of its
anterior sister M.d(l/r)pa (Supplemental Fig. S3). As shown in Fig. 4
and Supplemental Fig. S2, descendants of M.d(l/r)pa and M.d(l/r)pp
show a bias toward the CC fate in sys-1(q544) and sys-1(RNAi-P)
animals. Thus sys-1 is required to suppress the CC fate in M.d(l/r)pp,
the posterior sisters of the CC precursor cells M.d(l/r)pa.
sys-1 represses CC fates in the M lineage by negatively regulating
ceh-34 and eya-1 expression
Because ceh-34 and eya-1 function to specify M-derived CCs, we
asked whether the extra M-derived CCs in sys-1mutant animals were
due to inappropriate ceh-34 and eya-1 expression.We found that sys-1
(RNAi-P) resulted in the ectopic expression of ceh-34::gfp (Figs. 4K–R,
Supplemental Fig. S3) and eya-1::gfp (data not shown) within the M
lineage in a pattern consistent with the transformations to the CC fate
observed above.
To conﬁrm that the extra CCs in sys-1 mutants are due to the
ectopic expression of ceh-34, we performed ceh-34(RNAi-P) in a sys-1
(q544) mutant background. As shown in Table 2, ceh-34(RNAi-P)
resulted in a loss of all M lineage-derived CCs in sys-1(q544) animals.
Thus sys-1 negatively regulates ceh-34 and eya-1 expression in the
posterior sister cells of M-derived CCs and prevents those cells from
adopting the CC fate.
pop-1 is required to activate ceh-34 expression to properly specify
M-derived CCs
We examined the role of pop-1 in the M lineage by using two
mutant alleles of pop-1, q645 and q624, and by performing pop-1
(RNAi-P). q624 is a weak loss-of-function allele of pop-1 which
inhibits DNA binding, while q645 carries a point mutation in the β-
catenin interacting domain (Siegfried and Kimble, 2002). We detected
a range of M lineage defects in pop-1(q624), pop-1(q645) and pop-1
(RNAi-P) animals. Both pop-1(q624) and pop-1(RNAi-P) worms
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65.7%, n=67 for pop-1(RNAi-P)) and SMs (41.4%, n=99 for pop-1
(RNAi-P)), an M lineage phenotype opposite to that of sys-1 mutants
(Table 2). The loss of SMs was due to a fate transformation of M.v(l/r)
pa to the fate of its posterior sister M.v(l/r)pp (Supplemental Fig. S4).
The loss of CCs was due to a combination of under-proliferation of the
dorsal M lineage and fate transformation of M.d(l/r)pa to the fate of
its posterior sister M.d(l/r)pp (normally fated to become BWMs), and
was accompanied by the loss of ceh-34::gfp and eya-1::gfp expression
in the M lineage (Supplemental Fig. S5; data not shown). Thus pop-1
is required for speciﬁcation of the M-derived CC fate by positively
regulating proliferation and ceh-34 and eya-1 expression in M.dlpa
and M.drpa.
Interestingly, pop-1(q645) animals displayed an M lineage pheno-
type that resembled that of sys-1 mutants. 89.8% (n=49) of q645
animals had extra M-derived CCs on the dorsal side and 100% of q645
(n=22) animals had extra SMs on the ventral side (Table 2). The extra
SMs are due to a fate transformation of M.v(l/r)pp to M.v(l/r)pa
(Supplemental Fig. S6). The ectopic CCs arise from the extra divisions
of M.d(l/r)pa and M.d(l/r)pp and posterior-to-anterior fate transfor-
mations among the descendants of these two cells (data not shown).
Furthermore, generation of extra CCs in q645 animals correlates with
ectopic ceh-34::gfp expression (data not shown) and depends on the
presence of ceh-34, as ceh-34(RNAi-P) in pop-1(q645) mutants
resulted in the loss of all M-derived CCs (Table 2). Since the q645
mutation is located in a conserved β-catenin binding domain of POP-1
(Siegfried and Kimble, 2002), the similarity in phenotypes of pop-1
(q645) to sys-1 loss-of-function animals suggests that SYS-1 is
required for the normal activity of POP-1 in M.d(l/r)pp and M.v(l/r)
pp (see Discussion below).
POP-1 functions as a transcriptional activator in the posterior
daughters of the M lineage
Previous studies have shown that a high SYS-1 to POP-1 ratio
makes POP-1 a transcriptional activator (Kidd et al., 2005). We
monitored a reporter of TCF/LEF activity, POPTOP-mCherry, in the M
lineage (Green et al., 2008). Faint mCherry expressionwas detected in
M.d(l/r)p and M.v(l/r)p, but not in their anterior counterparts, just
before these cells divide (M.dlp in Figs. 4S–U). The mCherry signal
remains visible in both the anterior and posterior descendants of M.d
(l/r)p and M.v(l/r)p (M.vlp(a/p) in Figs. 4S–U). Faint mCherry
expression was again detectable in the posterior descendants of M.d
(l/r)a and M.v(l/r)a (data not shown). This pattern of mCherry
expression was seen in 15 out of 16 animals examined; the overall
expression pattern of mCherry is summarized in Fig. 4V. Taking into
account the slow folding rate of mCherry (Shaner et al., 2005), which
could account for the faint signals, and the potential persistence of
mCherry in both daughters of a cell expressing the reporter, these
results are consistent with activation of the POPTOP reporter in the
posterior cells of the M lineage.
We asked whether the activation of the POPTOP reporter in the
posterior cells requires SYS-1 by examining the expression of mCherry
in sys-1(RNAi-P) animals. sys-1(RNAi-P) consistently led to an overall
decrease of themCherry signal in larvae (Figs. 4W–Y). Furthermore, in
8 out of 10 animals scored, sys-1(RNAi-P) led to a loss of mCherry
expression in most, if not all, M lineage descendants (Figs. 4W–Z).
Thus a high SYS-1 to POP-1 ratio in the posterior daughters of the M
lineage likely converts POP-1 to a transcriptional activator.
Discussion
An evolutionarily conserved Six–Eya cassette in mesodermal
development
CEH-34 belongs to a highly conserved family of homeodomain
proteins called the Six family. Previous studies have shown the Pax–Six–Eya–Dac network functions in multiple developmental processes
in Drosophila and vertebrates (Heanue et al., 1999; Xu et al., 1999;
Hanson, 2001; Clark et al., 2006). Mutations in Six1 and Eya1 in
humans have also been shown to cause Brancio-oto-renal (BOR)
syndrome (Kochhar et al., 2007). However, the composition of the
Pax–Six–Eya–Dac network appears to vary in different developmental
contexts. For example, ey and dac are coexpressed in the developing
mushroom bodies of the Drosophila central nervous system, but eya
and so are absent there (Kurusu et al., 2000; Martini et al., 2000;
Noveen et al., 2000). Similarly, eya and dac function independently in
Drosophila neuronal speciﬁcation (Miguel-Aliaga et al., 2004). In C.
elegans, the Pax6 homolog vab-3 is required for proper head
morphogenesis and directly regulates the expression of the Six gene
ceh-32 (Dozier et al., 2001). vab-3 also genetically interacts with
eya-1 during embryonic morphogenesis, but mutants in the single Dac
homolog dac-1 do not display any anterior morphogenesis defects
(Colosimo et al., 2004; Furuya et al., 2005). Here we show that proper
speciﬁcation of the non-muscle coelomocytes in the C. elegans
postembryonic mesoderm requires the functions of both ceh-34 and
eya-1, but not dac-1 or any of the ﬁve Pax genes individually. Although
we cannot rule out the possibility that the Pax genes may function
redundantly in the M lineage, our data are consistent with the notion
that not all members of the Pax–Six–Eya–Dac network always
function together in different cell and tissue types. Similarly, CEH-34
and EYA-1 have been shown to both be required for the death of the
MRmotor neuron sister cell and to interact physically by T. Hirose and
H. R. Horvitz (personal communication).
Six and Eya proteins bind to each other and function together in
various developmental contexts, including the mesoderm. In Droso-
phila, Six4 and Eya function together for the proper patterning of the
non-dorsal mesoderm (Clark et al., 2006; Liu et al., 2009). Six1 and
Eya2 proteins inmouse function together to regulate the expression of
myogenic regulatory factors involved in multiple aspects of skeletal
myogenesis (Grifone et al., 2005). In this study, we showed that CEH-
34 and EYA-1 function together to promote the non-muscle
coelomocyte fate in the C. elegans postembryonic mesoderm. A
number of conserved transcription factors function in mesoderm
development throughout metazoans (Harfe et al., 1998a,b; Evans,
1999; Fukushige et al., 2006). Except for the interaction module of the
bHLH factor Twist and its E protein binding partner (Spicer et al., 1996;
Harfe et al., 1998b), fewother examples of protein interactionmodules
have been found to play a conserved role in mesoderm fate
speciﬁcation across metazoan species. Our ﬁndings suggest that Six–
Eya protein interactions represent another evolutionarily conserved
cassette essential for mesodermal development in metazoans.
The conservation of the Six–Eya protein complex is likely due to
the distinct biochemical properties of these two proteins. In general,
Six proteins can bind to DNA, but cannot activate transcription of
downstream targets, suggesting a general repressive effect of Six
proteins on their own (Li et al., 2003). Eya proteins are phosphatases
that do not bind DNA directly, but function as co-activators of Six
proteins and recruit additional co-activators (Li et al., 2003). Thus
proper activation of downstream target genes requires the function of
the Six–Eya protein complex. Even in cases where some Six proteins
have intrinsic activation domains, activation of target genes via these
proteins is only clearly evident in the presence of Eya (Kawakami et al.,
1996; Spitz et al., 1998; Ohto et al., 1999).
CEH-34 and EYA-1 act downstream of the mesoderm-intrinsic
transcription factors in the M lineage to specify non-muscle
mesodermal fates in C. elegans
Themesoderm gives rise to a variety ofmuscle and non-muscle cell
types. Previous studies in both vertebrates and invertebrates have
identiﬁed a number of factors, including the myogenic regulatory
factors (MRFs) that are critical for the speciﬁcation of myogenic fates
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involved in the speciﬁcation of non-myogenic mesodermal cells. HLH-
1, the lone C. elegans MRF, is sufﬁcient to induce BWM fates when
ectopically expressed in the C. elegans early embryo, like its vertebrate
counterparts (Fukushige and Krause, 2005). However, two of the cells
expressing hlh-1 in the M lineage become speciﬁed as non-muscle
CCs. Two other mesoderm-intrinsic transcription factors FOZI-1 and
MAB-5, together with HLH-1, are required for specifying these two CCs
as well as theM-derived BWMs (Harfe et al., 1998a; Liu and Fire, 2000;
Amin et al., 2007). We have shown that ceh-34 and eya-1 expression
in the CC precursors is regulated by hlh-1, fozi-1 and mab-5. Taken
together, these observations suggest that HLH-1, FOZI-1 and MAB-5
make cells competent to become BWMs and CCs, and that ceh-34 and
eya-1 are further required to specify non-muscle CCs from these
bipotent precursors. This is not the ﬁrst example in which cells
expressing a MRF do not necessarily adopt muscle fates. Cells initially
expressing the MRF Myf5 give rise to brown fat cells in addition to
muscles (Seale et al., 2008). Once the brown adipose tissue is
differentiated, Myf5 expression is no longer detectable. It will be
interesting to see whether or not Myf5 is required for the speciﬁcation
of non-muscle brown fat cell fates.
CEH-34 and EYA-1 function downstream of the Wnt/β-catenin
asymmetry pathway that regulates anterior–posterior asymmetry
in the M lineage
The Wnt/β-catenin asymmetry pathway is involved in many
anterior–posterior fate decisions during C. elegans development
(Mizumoto and Sawa, 2007). Speciﬁcally, POP-1, the C. elegans
TCF/LEF transcription factor, is enriched in the nucleus of the anteriorFig. 5. A model for non-muscle CC fate speciﬁcation in the M lineage. (A) ceh-34 and eya-1 e
actions of three sets of factors: theM lineage intrinsic transcription factors includingMAB-5, F
and the repressive activity of POP-1 due to a lowSYS-1 to POP-1 ratio. This lowSYS-1 to POP-1
expression of ceh-34 and eya-1. (B) Combinatorial regulatory inputs leading to ceh-34 and eydaughter of anterior–posterior divisions, while the divergent β-catenin
SYS-1 is enriched in the nucleus of the posterior daughter (Lin et al.,
1998; Huang et al., 2007; Phillips et al., 2007). The ratio of high levels of
SYS-1 to POP-1 in the posterior cell allows for binding of SYS-1 to POP-1,
converting it from a repressor to an activator, while high concentrations
of POP-1 in the anterior cell keep POP-1 as a repressor (Kidd et al., 2005;
Liu et al., 2008). The asymmetric distribution of nuclear POP-1 and SYS-1
is crucial in the speciﬁcation of anterior versus posterior cell fates in the
embryo (Lin et al., 1995, 1998; Huang et al., 2007). The reciprocal
asymmetric distribution of POP-1 and SYS-1 in sister cells along the
anterior–posterior axis is maintained during postembryonic develop-
ment, but also in cells along the proximal–distal axis in the somatic
gonad and the vulval precursor cells (Herman, 2001; Siegfried and
Kimble, 2002; Kiddet al., 2005; Phillips et al., 2007;Greenet al., 2008). A
reporter of POP-1 transcriptional activity (POPTOP) is activated in
daughter cells of P5.p and P7.p which have high SYS-1 to POP-1 ratios
(Green et al., 2008). Intriguingly, in the postembryonic lineages
examined to date, loss-of-function mutants for both pop-1 and sys-1
give identical mutant phenotypes (Siegfried et al., 2004; Huang et al.,
2007; Green et al., 2008).
We found that the reciprocal asymmetries of POP-1 and SYS-1
along the anterior–posterior axis are conserved in the M lineage. We
also found that reducing the level of SYS-1 resulted in partially
penetrant posterior-to-anterior fate transformations and ectopic
expression of ceh-34 and eya-1 in posterior cells. Reduced levels of
POP-1 give a reciprocal result: partially penetrant anterior-to-poster-
ior fate transformations and loss of ceh-34 and eya-1 expression. In
contrast to this phenotype, q645, a mutation in POP-1 that blocks its
ability to bind SYS-1 (Siegfried and Kimble, 2002), causes a sys-1-like
phenotype. RNAi of lit-1 or wrm-1, which blocks export of POP-1 fromxpression and subsequent speciﬁcation of M-derived CC fate requires the combinatorial
OZI-1 andHLH-1 that are required for CC and BWM fates, the cell competence factor(s) X,
ratio leads to the repression of a repressor of ceh-34 and eya-1, which in turn results in the
a-1 expression and CC fates. Solid lines in (A) and (B) do not represent direct regulation.
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(Table 2). Finally, a reporter for TCF/LEF function is activated in cells
with high levels of SYS-1, and this activation is dependent on sys-1.
These results can be reconciled by the model presented in Fig. 5.
In this model, we propose that cells expressing the mesoderm-
intrinsic transcription factors MAB-5, FOZI-1 and HLH-1 are fated to
become either myogenic BWMs or non-myogenic CCs. Expression of
ceh-34 and eya-1 promotes the CC fate. POP-1 functions as a repressor
in the anterior daughters of each division by repressing an unknown
transcriptional repressor of ceh-34 and eya-1 so that ceh-34 and eya-1
are expressed to specify the CC fate. However, not all cells expressing
MAB-5, FOZI-1 and HLH-1 can respond to the POP-1 repressive
activity. TCF/LEF proteins often act synergistically with other cell
competence factors to affect gene expression in a cell-type speciﬁc
manner (Barolo, 2006). We propose that another competence factor
(Factor X) functions to distinguish the daughters of M.d(l/r)p from
the daughters of M.d(l/r)a and acts as an additional activator of ceh-
34 and eya-1. Thus, the expression of ceh-34 and eya-1 and the
speciﬁcation of the CC fate only happen because of a combination of
three sets of activities: 1) themesoderm-intrinsic transcription factors
that specify CC and BWM fates, 2) the POP-1 repressive activity and 3)
the competence Factor X. The existence of Factor X in regulating
ceh-34 and eya-1 expression and for providing competence for cells to
become CCs (Fig. 5B) is consistent with our observations that a) the
defects in sys-1 or pop-1 mutants are only restricted to the daughters
of M.d(l/r)p and M.v(l/r)p, and b) ectopic expression of ceh-34 and
eya-1 throughout the M lineage did not convert all BWMs to CCs.
Finally, the expression of ceh-34 and eya-1 and the speciﬁcation of CCs
on the dorsal side are also under the control of dorsal–ventral
patterning mechanisms (data not shown) that involve the LIN-12/
Notch and TGFβ (antagonized by SMA-9) signaling pathways
(Fig. 5B). We envision that a similar model could be applied to the
ventral M lineage for the speciﬁcation of SMs.
This model states that a complex containing POP-1 and SYS-1
functions as a transcriptional activator, while POP-1 functions as a
repressor. Consistent with this model, POP-1 repressor activity and
ectopic CC fates in M.d(l/r)pp were achieved by 1) reducing SYS-1
levels, 2) increased nuclear levels of POP-1 by wrm-1(RNAi) or lit-1
(RNAi) and 3) blocking POP-1 binding to SYS-1 as in the pop-1(q645)
allele. Conversely, lowering the level of POP-1 led to a higher ratio of
POP-1-SYS-1 complexes and resulted in the loss of CC fates in M.d(l/r)
pa in pop-1(RNAi) and pop-1(q624) animals.
This model predicts that complete loss of POP-1 function in the M
lineage would result in a failure to activate the repressor of ceh-34 and
eya-1 in the M lineage. Our data support this, as some pop-1(RNAi-P)
animals (Table 2, Supplemental Fig. S5), but not q624 animals,
displayed an M lineage phenotype resembling that caused by sys-1
loss-of-function, including the presence of extra CCs and extra cells
expressing ceh-34 and eya-1. This phenotype may reﬂect a complete
knockdown of POP-1 in the daughters of M.d(l/r)p and M.v(l/r)p.
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